Optimization of the pumping system requires the use of detailed simulation tools, which may need 
Introduction 38
District heating (DH) is considered a very efficient option for providing heating and domestic hot water to 39 buildings, particularly when they are located in densely populated areas [1] . The main advantage of DH 40 systems consists in the possibility of utilizing the waste heat from industries or waste-to-energy plants or the 41 heat generated by a number of efficient/low carbon thermal plants, such as cogeneration plants, and biomass models of the network for design purpose or the analysis of the effects of the control strategy on the energy 65 consumption. A method for district heating network dimensioning, based on the probabilistic determination 66 of the flow rate for hot water heating was carried out in [13] . Network costs, pumping energy consumption,
67
and power of boilers were considered. In [14] a multi-objective optimization model is performed for the best 68 network design considering both initial investment for pipes and pumping cost for water distribution. The 
75
shown to be more effective with respect to the Hardy Cross method that is affected by problems related to 76 convergence, computational cost and limited use [19] . In [20] a fluid-dynamic model of the network based 77 on conservation was built and a genetic algorithm used in order to minimize the energy required by the 78 system. Most works available in literature are focused on small district heating networks. When a large 79 district heating network is considered, the computational cost to solve a physical based model becomes very 80 high; this excludes the use of full physical models for fast multi-scenario and fast optimization applications.
81
In the present paper, the authors present two different model approaches for the simulation of large networks 82 and the analysis of the optimal control strategy for the pumping system. The two models are built in order to This method has received much attention for the reduction of complex physical systems and it has been used 92 in different fields of science and engineering, such as the analysis of turbulent fluid flows [21, 22] 
94
Both the full physical model and the POD-RBF model are used in order to find the optimal set of pumping 95 pressures that minimize the mechanical power that should be applied to the working fluid (i.e. the efficiency 96 of the pump and the efficiency in the overall energy supply chain from primary energy to electricity 97 production have not been considered) to fulfill the thermal requests of the various users, once the heat 98 production of each plant is fixed. In the following, this objective function has been indicated as pumping 99 cost, which should be intended as a cost expressed in energy units. An analysis with different thermal loads 100 was performed because of the peculiar characteristics of district heating networks to work for a large number 101 of operating hours in off-design conditions. Therefore a careful analysis of optimal operating conditions,
102
with different thermal requests, is necessary to achieve high levels of the annual efficiency. The heat flow 
105
Results obtained with the two models are compared in terms of both minimum energy consumption and 106 computational time for each thermal load. The POD-RBF model allows us to obtain optimal costs that differ 107 from the cost provided by the full physical model of less than5%. The full physical model is extremely time-
108
consuming especially if applied to large district heating networks. The POD-RBF method is much faster than with an annual thermal request of about 2000 GWh. The maximum thermal power is about 1.2 GW. An 120 expansion of the system, to reach about 72 million cubic meters of buildings is already planned [25] .The 121 water supply temperature is constant and its value is 120°C while the return temperature varies with mass 122 flow rate in the network and thermal load; the mean value is 65 °C.
123
The complete network can be considered as composed of two parts: a transport network and a distribution 
161
The objective function is the energy consumption, also called the energy cost. It has been calculated as:
163
where subscript p indicates pumping systems located in the thermal plant, which are the dependent variables 164 in the optimization problem, and subscript r indicates the booster pumping systems, which are the 165 independent variables. The water density in the plants was evaluated as the average value between the supply 166 and the return temperatures. This procedure should be repeated for different thermal loads in order to build 167 an optimal control strategy.
168
Two approaches have been used to perform the optimization: a fluid dynamic approach and a POD approach.
169
As regards the fluid dynamic approach, a genetic algorithm [26] was applied to the model described in the 
183
The second optimization is performed using a POD-RBF approach. The POD-RBF model is built using a set 
210
The steady-state momentum conservation equation in a branch for an incompressible fluid is considered,
211
neglecting the velocity change between input and output sections and including the gravitational term in the 212 static pressure:
where the first and the second terms on the right-hand side terms are respectively the distributed and the 215 localized pressure losses, while the last term is the pressure rise due to the pumps that may be located in the 216 branch. Equation (3) can be rewritten as:
where the term Y is the fluid dynamic conductance of the branch, expressed as:
220
The friction factor f has been evaluated using an explicit Haaland correlation in order to reduce the 221 computational cost of the simulations.
222
Momentum equation can rewritten in matrix form. This formulation is obtained using the incidence matrix in 223 order to relate the quantities that are defined at the branches (mass flow rates and pressure variations due to 224 friction and pumping) with pressures at the inlet and outlet nodes:
Y on mass flow rate, the obtained system of equation is non-linear. Equation (6) is finally modified by
228
setting proper boundary conditions.
229
Mass and momentum equations are solved using a SIMPLE (semi implicit method for pressure linked 230 equation) algorithm [28] . This is a guess and correction method: a pressure vector is first guessed and during 231 the iterations it is corrected together with the mass flow rate vector obtained using (6). Further details on the 232 method are available in [29] . In order to solve the system of non-linear equations a fixed point algorithm has 233 been used.
234
The model includes both the supply and the return pipelines, which are connected in the barycentres. From 
240
The variable resistance term is iteratively modified until an acceptable flow distribution is obtained, with all 241 users supplied with the requested mass flow rate. To obtain the mass flow rate required from every user the 242 value of Leq in the n th -iteration is calculated as follows:
where Leq_f is the fixed resistance and Leq_vis the variable resistance. Subscripts n and n-1 refer to the current 245 and previous iterations, respectively. The iterative procedure stops when the relative error between G n-1 and
246
Gutis smaller than a threshold value.
247
Concerning boundary conditions, the mass flow rate supplied by each plant is fixed on the corresponding 264 Table 2 reports the maximum pressure selected for the various booster pumps, obtained after a pre-
265
processing stage, which has been performed in order to limit the number of random combinations of the 266 input that are rejected because of a maximum pressure exceeding the technical limit of 17 bar.
267
The response u of the system to a given set of the free variables is expressed by the mass flow rates at the 268 booster pumps and by the total pumping power.
269
Different snapshots are obtained by varying the optimization independent variables within a predefined 270 range. In order to avoid obtaining an ill-conditioned model, some precautionary measures have been adopted. 
275
where ̅ ∈ ℝ K×1 is a reduced state variable and Ф ̅ is an orthogonal matrix. 
286
where g contains the radial basis functions and matrix B the coefficients. Here, Euclidean norm was used as 287 RBF:
289
Matrix B is found by enforcing that Eq. (10) is exact for each of the snapshots contained in the matrix U
290
[31].
291
The evaluation of a snapshot corresponding to an arbitrary set of parameter p can be performed using Eq.
(12). This is obtained by substituting Eq. (10) in Eq. (8):
293 = Ф ̅ • • (p)(12)
294
The entire procedure has been built in Matlab environment. To initialize the POD optimization procedure, a 295 set of random combinations of the free variables has been collected into the initial snapshot matrix U and fed 
313
with the same shape parameterized on the basis of the design request. In reality this does not occur. In 314 addition, the model was run considering strict compliance with the control strategy, while in real operation a 315 deviation within an acceptable range is allowed. These are the causes of the large dispersion of data.
316
Anyhow, the average deviation is lower than 0.3 bar, therefore it is possible to state that the fluid dynamic 317 model is able to capture the hydraulic behavior of the network.
318

POD model characteristics, validation and performances
319
Starting from the full physical model, over 15000 simulations were performed, varying the free variables 320 randomly within the predefined ranges. These have been used to create the POD-RBF model.
321
A test of the POD model was first performed considering new random sets of the free variables, which were 
326
based tool in almost all cases is able to reproduce the system behavior.
327
Mass flow rates obtained from a random set of data using the two models are also computed. For each 328 simulation, the branch containing the booster pumps where the largest mass flow rate is located is analyzed 329 in Figure 4b . The figure shows that the reduced model is able to predict the mass flow rate for all cases with 330 small deviations.
331
The optimization has been performed for different heat loads. A comparison between the fluid dynamic 332 model and the POD-RBF model is reported in Figure 5 . Scenarios have been obtained considering the most shows that the larger the thermal load, the larger the optimal pumping cost, except for the scenario corresponding with 40% of the nominal load. The minimum cost for 40% of the nominal load is slightly 336 larger than the minimum cost for 50% of the nominal load. This is due to the fact that when the thermal load 337 is below 40% of the nominal load, only the Moncalieri thermal plant is operating (unless a different order is 338 set, which can occur, for instance, in the case of network maintenance or depending on the production plans,
339
especially related with the electricity production). When the request exceeds 40% of the nominal load, both 
345
The optimum pumping pressure sets obtained using the POD-RBF model were used as an input in the fluid 
Usual start-up sequence of thermal plants 355
In order to present the potential advantages that can be achieved using an optimized pumping strategy, a
356
comparison between the pumping cost corresponding to the application of a pumping strategy similar to that 357 currently adopted and the optimal strategy is reported in Figure 7 . In this analysis, the usual start-up 
365
To better visualize the energy cost reduction with respect to the current pumping strategy, the energy cost 366 reductions in each thermal load is shown in Figure 8 . Energy saving is between 8% and 24% and it is 367 particularly large at high thermal load. The use of an optimized pumping strategy allows an annual reduction 368 in primary energy consumption due to pumping of about 4.4 GWh/year (from 25.8 GWh/year in the case of 369 the current strategy to 21.4 GWh/year in the case of the optimized strategy). This represents more than 0.5% 370 reduction in the total primary energy consumption, which is about 842.5 GWh/year (about 768.0 GWh/year 371 associated with heat supplied to the users, about 48.5 GWh/year due to heat losses, and 25.8 GWh/year due 372 to pumping).
373
These results suggest that application of the POD-RBF optimization approach allows significant 374 improvement in the overall energy performances of large district heating networks. 
Different start-up sequence of the thermal plants 376
The same POD-RBF model can be used in order to optimize the pumping strategy when different 377 combinations of the plants is adopted in thermal production. These scenarios can be necessary in the case 378 one of the plants is not available or if there are specific constraints on the electricity production by the 379 cogeneration plants. When the configuration in heat production changes, also the mass flow rate distribution 380 at the thermal plants change, therefore a different setting of the pumps is necessary, even if the thermal 381 request of the users remains unmodified. The optimization tool should be sufficiently flexible to allow fast 382 optimizations in variable conditions. The POD-RBF model can been used by fixing the total load, by 383 modifying the sequence of thermal plants that are used to cover it and by limiting the maximum DH mass 384 flow rate that is elaborated by each plant (and thus the maximum thermal load supplied by each plant). Table 3 shows four different scenarios, corresponding with different plant configurations at 60% of the 100%. In fact in cases 1 and 2, where just the Moncalieri cogeneration group 1 is switched on the optimal 390 cost is lower than in the cases 3 and 4, where both the cogeneration groups in Moncalieri are used. This is 391 due to the fact that the Moncalieri power plant is located at the south end of the network, therefore when 392 large mass flow rate are supplied by these plants, a large pumping power is necessary. When one of the
385
393
Moncalieri cogeneration plants is switch off, the power spent to pump the water from the south area to the 394 city centre (R Monc, RP1a, RP1b) is smaller, while the power to pump water from the north to the south is 395 larger (R T.N., R Poli and RP5c). The configuration which minimizes the pumping power corresponds to a 396 more distributed production. In case 1, in fact heat is produced in three plants, one located in the south end 
Operation in the case of malfunctioning pumping groups 399
The POD-RBF model is also been used in order to find the optimal set of pumping pressure when a failure in 400 a pumping station occurs and therefore that piece of equipment cannot be used. In malfunctioning scenarios,
401
minimization of primary energy consumption may become a secondary objective. Nevertheless, the fact that 402 a constrained optimization is performed allows one to obtain the best pumping settings which allow 403 fulfillment of the thermal request of the users, which is instead the main objective in malfunctioning 404 scenarios.
405
The analysis has been performed for each pumping station. Results are reported in Table 4 , considering 60% 406 of the thermal request and the usual configuration for thermal production.
407
The minimum cost is obtained when no malfunctions occur. Nevertheless in most malfunctioning cases, the management of bot normal and abnormal (malfunctioning) scenarios.
418
Conclusion
419
The present paper reports an optimization analysis for the minimization of the pumping cost in a large 420 district heating network. The optimization is carried out using two different approaches. The first approach, 
427
Fluid dynamic model and the POD-RBF model are used to find the optimal values of pumping cost. Results
428
show that a deviation of about 2% is obtained for both optima. Therefore POD provides a good 429 approximation of the physical behavior of the system. The difference in computational time is very large.
430
This is a crucial feature to allow optimal operation in real networks, as the operating conditions vary 
